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Abstract

Antibiotics have become ubiquitous in the environment due to their widespread use in human
and veterinary medicine, as well as in agriculture. These compounds can persist in sediments
for extended periods, potentially impacting microbial processes and ecosystem functioning.
However, the effects of antibiotic pollutants on bacteria may be attenuated by natural minerals.
The interaction between pollutants and minerals, such as manganese oxides, was investigated,
with a focus on the potential for natural manganese oxides to mitigate the environmental
impact of antibiotics in sedimentary systems. Therefore, my PhD thesis focuses on the effects
of antibiotics on denitrification bacteria and processes in river sedimentary ecosystems, with
a specific emphasis on the impact of antibiotic pollutants on microbial growth and

denitrification activity.

In the first part of this PhD work, the antibiotic resistance in a non-pathogenic, denitrifying
bacteria Pseudomonas veronii was investigated. P. veronii was tested towards a range of
antibiotics via the classical disc method as well as a cultivation method allowing to determine
minimal inhbiting concentrations (MICs). P. veronii was resistant towards macrolides
(erythromycin and tylosin), tetracycline and the quinolone flumequine. On the other hand, P.
veronii was susceptible towards the quinolones (ciprofloxacin and ofloxacin). In parallel
antibiotic resistance genes in the genome of the denitrifier were identified via annotation
through MaGe from the MicroScope platform. The genotypic antibiotic resistance of the
denitrifier P. veronii showed the presence of several genes encoding efflux pumps (e.g. AcrAB-
TolC). The presence of efflux pump genes most likely explains resistance towards the other
antibiotics tested. The experimental results of P. veronii under denitrification condition
demonstrate that different antibiotics have varying negative impacts on denitrification
capabilities, with the nitrite reduction process being more susceptible to antibiotic impact

than the nitrate reduction process.

In the second part, we first studied the mechanisms of transformation of ciprofloxacin (CIP)
and tetracycline (TC) by a common redox soil mineral, birnessite (Mn02), and then the effects
of transformation byproducts on both growth and activity on a denitrifying isolate. At pH 5,
four different byproducts of CIP and five oxidation byproducts of TC were identified after
reaction with birnessite identified by liquid chromatography-mass spectrometry, and
monitored over a range of reaction time (0-6 hours). For CIP, impact on the growth of

denitrifier Pseudomanas veronii decreased over reaction time where only the first CIP



byproduct (m/z 334) resulting from the opening of piperazine ring kept some of its
antimicrobial activity. Closed batch experiments showed that the nitrite reduction rate was
affected by CIP or byproducts while nitrate reduction rates remained stable. For TC, the
antimicrobial activity of TC byproducts disappeared with the reaction processing, as well as
the nitrate/nitrite reduction inhibition activity. The activities of nitrite reductases appeared to

be affected by CIP and TC, compared to nitrate reductases.

The third part focused on the transport of ciprofloxacin (CIP) and tetracycline (TC) in sediments
from the Seine Estuary in France, under nitrate reducing conditions. Dynamic flow
experiments showed that although TC and CIP strongly interacted with the sediment
components through adsorption and (bio)-chemical transformation, they kept their
antimicrobial activities. Less nitrate reduction was observed during the first period of
breakthrough, while TC and CIP were absent in the column effluent. Batch experiments with
freeze-dried vs fresh sediments showed that adsorption and abiotic degradation are the major
removal processes, while microbe-driven transformation is of less importance. Whereas TC is
to a large extent chemically transformed and little adsorbed in the sediment, CIP was less
transformed and more adsorbed, most likely due to the great reactivity of TC with redox-active

mineral surfaces.

These findings improve our understanding of the antimicrobial activity and toxicity of
antibiotics and their oxidation by-products, especially against environmental bacteria. By
developing a better understanding of antibiotic-mineral-microbe interactions, we can improve
our ability to predict and manage the cycling of nitrogen and other essential nutrients in the
environment, which has important implications for sustainable agriculture, water quality

management, and global biogeochemical cycles.
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Chapter 1

Introduction






1. Antibiotics

1.1. The widely use of antibiotics

Antibiotics are the products of rapid innovations in the health sector and their usage has
changed the pattern of modern way of living. Ever since it has been recognized that they can
be used as a medicine to treat and prevent infectious diseases, their market has been
expanded. They have been extensively and effectively used in human and veterinary medicine
and their benefits have also been recognized in agriculture, aquaculture, and livestock as

growth promoters (Amarasiri et al. 2020, Baquero et al. 2008, Berendonk et al. 2015).

There are several different kinds of antibiotics and they can be classified based on their
chemical structure, action mechanism, action spectrum, and the route of administration. Out
of these classifications the most popular one is their mechanism of action and based on it the
most common groups are: PB-lactams, sulfonamides, aminoglycosides, glycopeptides,
lincomycin, macrolides, rifamycin, tetracyclines, chloramphenicol and quinolones. Table 1-1
below contains further information.

Table 1-1 Antibiotics classification with their representative drugs, mode of action, and infection cured by them
(Gothwal &Shashidhar 2015)

No. Class of antibiotic Representative drug Mode of action

1 B-Lactam Phenoxypenicillin, Oxacillin, Amoxicillin, Carbenicillin, Inhibits steps in cell wall synthesis and

Piperacillin murein assembly

2 Aminoglycosides Gentamycin Inhibits protein synthesis

3 Chloramphenicol Chloramphenicol Inhibits protein synthesis

4 Fluoroquinolones Ciprofloxacin, Norfloxacin, Ofloxacin, Enrofloxacin, Enoxacin, Inhibits DNA replication

Sarafloxacin
5 Glycopeptides Vancomycin Inhibits steps in murein biosynthesis and
assembly

6 Lincosamides Clindamycin, Lincomycin Inhibits protein synthesis

7 Macrolides Clarithromycin, Erythromycin, Oleandomycin, Tylosin Inhibits protein synthesis

8 Quinolones Oxolinic acid, Nalidixic acid, Pipemidic acid, Flumequine, Inhibits DNA replication

Pefloxacin
9 Rifamycins Rifamycin Inhibits transcription (bacterial RNA
polymerase)

10 Sulfonamides Sulfamethoxazole, Sulfamethazine Inhibitors of bacterial B-lactamases

11 Tetracyclines Tetracycline, Chlortetracycline, Oxytetracycline Inhibits protein synthesis

Antibiotics are consumed from 100,000 tons to 200,000 tons per year all over the world, in
both human and veterinary application (Wise 2002). It is estimated that 16,000 tons of
antimicrobial agents are used annually in the United States, of which 70% are antibiotics
(Sassman &Lee 2005a). The summary report on antimicrobials sold or distributed for use in
food-producing animals, published by the U.S. food & drug administration (FDA), showed that
11,468 tons of antibiotics were actively marketed in 2019 in the U.S. The use of antibiotics is

7



increasing year by year, also in Europe. According to the annual report from the European
Centre for Disease Prevention and Control (ECDC), in 2019, the average total clinical antibiotic
consumption for systemic use in the European Union was 1.5 times higher than the world’s
average. Data from the French Institute for Public Health Surveillance in 2019 showed that,
even though the number of antibiotic prescriptions in France decreased by 15% from 2009 to

2018, France still ranks third from the top in Europe in terms of clinical antibiotic usage.

The use of antibiotics added to feed for industrial livestock production has exploded since the
1980. From 1985 to 2001, antibiotic usage rose with 50% in the United States, and up to 80%
of the total antibiotics used are given to farming animals. A report prepared by the European
Surveillance of Veterinary Antimicrobial Consumption (ESVAC) project (2011) showed that
tetracycline, penicillin, and sulfonamide are the top three antimicrobial classes sold in tones,
accounting for more than 80% of total sales. Data from the National agency for health security,
food, environment and work (“Agence nationale de sécurité sanitaire de I'alimentation, de
I'environnement et du travail”, ANSES, 2019) showed that, overall animal exposure against
antibiotics has increased by 0.7% in 2018, especially for cattle and rabbits. It seems that the
reduction in use is reaching a limit for certain families of antibiotics. The World Bank warns
that, by 2050, drug-resistant infections could cause global economic damage on par with the

2008 financial crisis.
1.2. Antibiotics in the environment

Antibiotics are produced by bacteria, fungi and other microorganisms or synthesized by
artificial chemistry, in order to fight against bacterial pathogens as they inhibit bacterial growth

or kill bacteria.

Sl

&

S

WWTP effluents

PPCPs

Photolysis
Hydrolysis
Sorption/desorption

p 3 e
V— = QCin — QC — KVC — psV;AC,
dt 1 l Surface water

Biodegradation

Sedimentation

Figure 1-2 Fate and transport of antibiotics in water systems (Bavumiragira &Yin 2022)
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Since their discovery, antibiotics have been widely used in the treatment and control of
bacterial infectious diseases in humans and animals. However, antibiotics cannot be fully
absorbed by the body; 40% - 90% of them are excreted (Halling-S@rensen et al. 1998, Jjemba
2002, Phillips et al. 2004). This part of antibiotics will enter the environment (Figure 1-2) along
with sewage treatment plant, sludge or organic fertilizer application, as well as leakage,

irrigation, fish pond bottom mud application and other artificial approach (Haller et al. 2002).

At present, antibiotics have been detected in solid matrices in worldwide, among which
macrolides, quinolones, tetracyclines and sulfonamides are the main ones with high detection
rate (Campagnolo et al. 2002, Kumar et al. 2005, Sassman &Lee 2005b). Some examples of
solid matrix detected antibiotics and their concentrations are given in Table 1-3, indicating that

the presence of antibiotics in the environment has become a worldwide problem.

Table 1-3 Concentrations of antibiotics in sludge, sediment, and soil

Antibiotic classes Concentration pg_kg'1 Country  Year Matrix Reference
Macrolides
Erythromycin 39 China 2012 Sludge (Gao et al. 2012)
1111 Spain 2009 Sludge (Radjenovi¢ et al. 2009)
26.3-33.5 Spain 2011 Sediment (da Silva et al. 2011)
185 Italy 2010 Sludge (Zuccato et al. 2010)
10.4 China 2013 Sludge (Li et al. 2013)
Fluoroquinolones
Norfloxacin 3200 China 2012 Sludge (Gao et al. 2012)
76.5-1285.0 China 2013 Manure (Huang et al. 2013)
3.8-13.7 China 2013 Soil (Huang et al. 2013)
5399 China 2013 Sludge (Li et al. 2013)
6.6 Kenya 2020 Sediment (Kairigo et al. 2020)
1.6-225 France 2017 Sediment (Dinh et al. 2017)
271 Brazil 2019 Sludge (Bisognin et al. 2021)
Ciprofloxacin 460 China 2012 Sludge (Gao et al. 2012)
5.8-17.1 China 2013 Soil (Huang et al. 2013)
20.5-520.0 China 2013 Manure (Huang et al. 2013)
285 China 2013 Sludge (Li et al. 2013)
29.3-47.4 Kenya 2020 Sediment (Kairigo et al. 2020)
2.9-569 France 2017 Sediment (Dinh et al. 2017)
2.09 Italy 2010 Sludge (Zuccato et al. 2010)
2217 Brazil 2019 Sludge (Bisognin et al. 2021)
Sulfonamides
Sulfamethoxazole 11 China 2012 Sludge (Gao et al. 2012)
0.2 China 2012 Sediment (Chen &Zhou 2014)
3.4-44.7 Kenya 2020 Sediment (Kairigo et al. 2020)
2.5-7.2 France 2017 Sediment (Dinh et al. 2017)
84.4 Spain 2013 Biosolids (Pamreddy et al. 2013)
4.7 Spain 2009 Sludge (Radjenovi¢ et al. 2009)
3.90 China 2013 Sludge (Li et al. 2013)
Tetracyclines
Tetracycline 22.3-117.0 China 2013 Manure (Huang et al. 2013)
100.5-600.0 China 2013 Sludge (Huang et al. 2013)
<2.6 China 2013 Soil (Huang et al. 2013)
2.96-72.9 China 2011 Sediment (Yang et al. 2010)
3.5 China 2014 Sediment (Chen &Zhou 2014)
62 Brazil 2019 Sludge (Bisognin et al. 2021)

With the excessive use of antibiotics, a large number of antibiotics end up in aquatic sediments

through various ways. Accumulation occurs due to the adsorption characteristics of the



sediments towards antibiotics (Kerrigan et al. 2018). Moreover, the continuous input of
antibiotics leads to the “persistence" of antibiotics in sediments, which directly or indirectly
affects environmental microorganisms, animals and plants (Hu et al. 2012), and induces the
emergence of antibiotic resistant bacteria and emergence of resistance genes (Gothwal
&Shashidhar 2015, Tian et al. 2012). Finally, antibiotics can enter the food chain through

drinking water sources and plants and thus threaten human health.
1.2.1. Physicochemical properties of antibiotics

Antibiotics are ionic polar organic compounds. They generally contain multiple ionic functional
groups and multiple acid dissociation constants. With the change of pH, they can perform a
variety of valence states such as cations, neutral ions and anions, and generally have strong
hydrophilicity. The main physical and chemical properties of several typical antibiotics are

listed in Table 1-4.

Table 1-4 List of some antibiotics with important physicochemical properties

Antibiotic Formula MW log Kow VP WS PKan pK-2 pPKsz  pKas
Amoxicillin Ci6H10N305S 365.4 0.87 2.53%10° 3433 2.69 7.49 9.63 —
Ciprofloxacin Ci7H1gFN30; 331.34 0.28 3.8x10™" <1000 3.32 5.59 6.18 8.76
Norfloxacin Ci6H1sFN303 319.33 -1.03 — 280 3.10 5.55 6.27 8.71
Ofloxacin CigH20FN30,4 361.4 -0.39 1.31x107° 28300 — 5.20 5.98 8.00
Sulfadiazine CioH10N405S 250.3 -0.09 — 77 2.10 6.28 — —
Sulfamethoxazole CioH11N305S 253.3 0.89 1.74x107° 610 1.83 5.57 — —
Tetracycline C22H24N,0g 444.4 -1.37 — 231 3.30 7.68 9.69 —
Doxycycline CaoH24N,0g 444.4 -0.02 — 50000 3.02 7.97 9.15 —
Clarithromycin CasHeoNO13 747.5 3.16 3.1x107% 0.33 8.99 — — —
Erythromycin Ca7He7NO13 7335 3.06 2.83x107 2000 8.88 — — —

MW = molecular weight (g mol'); Kow = octanol-water partition coefficient; VP = vapor pressure (Pa);

WS =water solubility (mg L"); pKa = dissociation constant.

The mother nuclei of four typical antibiotic families are shown in Figure 1-5. Tetracycline is the
common name of among others tetracycline, oxytetracycline, and chlortetracycline. These
antibiotics have the same basic mother nucleus (Figure 1-5a), hydrogenated paratetrene,
which is a compound with different substituents. Sulfonamides contain a benzene ring, a para-
amino group and a sulfonamide group (Figure 1-5b). A large number of effective derivatives,
such as sulfadiazine and sulfamethazine, have been synthesized by substituting different
groups for hydrogen atoms on the sulfonamide group. Macrolide antibiotics are based on
macrolide moiety, which structure linked to 1-3 sugar molecules by a glycoside bond (Figure

1-5c). At least one sugar molecule is replaced by dimethylamine, tylosin, erythromycin and
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spiramycin are representative molecules of macrolides. Quinolones can be divided into three
generations. The third generation, i.e. fluoroquinolones, is the most widely used. Its structure
contains adjacent carbonyl and carboxyl groups (Figure 1-5d), mainly including ciprofloxacin,

ofloxacin, norfloxacin, etc.

a N(CHz), b
B B O Ry
N R,
H
: CONH,
OH H2N
OH o) OH 0
sulfonamide
c d
Fll R
N R
HO
F
O O R
macrolide quinolone

Figure 1-5 Mother nucleus of four typical antibiotic families.

1.2.2. Fate of antibiotics in the environment

In the solid phase, antibiotics are subject to a series of physicochemical and biological

processes resumed in Figure 1-2 (page 4).
- Adsorption, migration, transformation

The physical sorption capacity of antibiotics on soil or sediments, expressed by the Kq value,
varies from low to high sorption, i.e. from 0 to 6,000 L kg! corresponding to different
molecules under different conditions (Tolls 2001). The sorption depends on several
environmental factors such as organic matter, pH and clay type (Conde-Cid et al. 2020, Tolls

2001) and the different chemical structures of antibiotic molecules (Ozumchelouei et al. 2020).
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In sediments, the persistence of antibiotics varies greatly, from less than one day to weeks or
even months. Generally speaking, the physical and chemical properties of antibiotics, like the
octanol/water partition coefficient (Kow), acid dissociation constant (Ka) and polarity, indicate

their retention tendency in solid-phase.

Table 1-6 gives an overview of reported adsorption coefficient values of some representative

antibiotics that are widely used / studied, showing the range in Kd values.

Table 1-6 Reported adsorption coefficient values of antibiotics

Antibiotic Matrices pH 0C (%) Ky (Lkg™") Reference
Macrolides
Erythromycin Clay loam 6.45 0.8 130 (Pan &Chu 2016)
Marine sediments — — 337 (Xu et al. 2009)
Fluoroquinolones
Ciprofloxacin Loamy sand 5.30 0.7 427 (Nowara et al. 1997)
Loamy sand 6.9 10 934-4844 (Conkle et al. 2010)
Soil, clay, and sand fraction 49-8.7 0.3-8.9 74-54600 (Figueroa-Diva et al. 2010)
Norfloxacin Clay loam 6.45 0.8 591 (Pan &Chu 2016)
Loamy sand 6.9 10 1942-5791 (Conkle et al. 2010)
Soil, clay, and sand fraction 4.9-8.5 0.3-8.9 41-36400 (Figueroa-Diva et al. 2010)
Tetracyclines
Tetracycline Clay loam 6.45 0.8 1093 (Pan &Chu 2016)
Biosolids 6.9 — 7315 (Wu et al. 2009)
Soil, clay, and sand fraction 5-8.6 0.3-8.9 41-8300 (Figueroa-Diva et al. 2010)
Sulfonamides
Sulfamethazine Clay loam 6.45 0.8 1.37 (Pan &Chu 2016)
Sandy loam soil/sandy 5.5-9 — 0.23-0.58 (Lertpaitoonpan et al. 2009)
Biosolids — — 7.5 (Wu et al. 2009)
Sandy loam and loam 5.0-9.0 — 0.9-18 (Wegst-Uhrich et al. 2014)

Oxytetracycline, tetracycline and sulfonamides are mostly weak acid or weak base compounds,
with strong affinity for sediments, it is proved that soil adsorption is a significant factor to
reduce the concentration of antibiotics in water phase (Ying et al. 2002). Rabglle et al (2000)
studied the adsorption and movement of four different antibiotics in different solid-phases.
Among them, the distribution coefficient (Kg) of metronidazole was determined being 0.5-0.7
L kg, olaquindox was 0.7-1.7 L kg%, tylosin was 8-128 L kg'l. Meanwhile oxytetracycline had a
high adsorption capacity in the investigated solid-phase, and no obvious desorption was
observed. Its Kq value was determined being 417-1026 L kg™, which variousity may be due to
the formation of a complex between oxytetracycline and divalent ions (Lunestad &Goksgyr
1990). Boxall et al found that the Kq of sulfachlorpyridazine in soil was considerably low (about
0.9-18.1 L kg'), which indicated that it had strong migration ability (Boxall et al. 2002). The
following field experiments also confirmed the idea that sulfachlorpyridazine migrated to the
surface water rapidly after being applied to the soil, and its detected concentration in the
drainage system was up to 590 ug L. However, the retention time of some antibiotics in the
sediment under laboratory conditions (Bakal &Stoskopf 2001) was longer than under nature
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environment (Galloway et al. 2004). In fact, this may be due to factors such as matrix
differences of tested soil or sediment. According to Aboul-kassim et al, many factors could
affect the adsorption of antibiotics in sediments, such as pH, cation exchange capacity (CEC),
organic matter; Kq values can be considered as the result of interaction between many factors.

This is actually similar to other organic pollutants (Jia et al. 2005).
- Degradation

Chemical and biological modifications are mainly degradation, including both abiotic
(oxidation, reduction, hydrolysis and photodegradation) as well as biotic processes
(biodegradation) (Conde-Cid et al. 2020). The magnitude of antibiotic degradation depends on
environmental factors (such as pH, organic carbon content, bacteria population, etc.) and
antibiotic properties (solubility, stability, etc.) (Boxall 2008, Sarmah et al. 2006). Thus, the
degradation rates for different antibiotics are show large variation, with half-lives ranging from

a few days to several months (Boxall 2008).

Hydrolysis is generally considered one of the most important pathways for abiotic degradation
of antibiotics. B-lactams are especially susceptible to hydrolytic degradation, whereas
macrolides and sulfonamides are known to be less susceptible to hydrolysis (Braschi et al. 2013,
Mitchell et al. 2015). Photo-degradation, which contributes to degradation of antibiotics (e.g.,
qguinolones and tetracyclines) spread on the soil surface during application of manure and
slurry to agricultural land, is another important abiotic degradation process (Thiele-Brun

&Peters 2007).

In addition to abiotic processes, microbial degradation may contribute to disappearance of
antibiotics in soil. Some bacteria that degrade antibiotics by their oxidase/reductase have been
isolated from antibiotic-contaminated soils. For example, strains belonging to the genera
Microbacterium (Topp et al. 2016), Burkholderia (Zhang &Dick 2014), Stenotrophomonas (Leng
et al. 2016), Labrys (Mulla et al. 2018), Ochrobactrum (Zhang et al. 2017), and Escherichia
(Mulla et al. 2018, Wen et al. 2018) were capable of degrading sulfamethazine, penicillin G,
tetracycline, erythromycin and doxycycline in liquid cultures, respectively. Other bacteria
belonging to the genera Klebsiella (Xin et al. 2012), Acinetobacter, Escherichia (Zhang et al.
2012), Microbacterium (Kim et al. 2011), Labrys (Amorim et al. 2014), and Bacillus (Rafii et al.
2009) that were capable of degrading chloramphenicol, sulfapyridine, sulfamethazine,

ciprofloxacin, norfloxacin, and ceftiofur have been isolated from patients, sediments, sludge,
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animal feces, and seawater.

Different degradation processes typically occur simultaneously under environmental
conditions. The effect of environmental conditions on degradation of antibiotics was
demonstrated for oxytetracycline in the sediment of a fishpond (Jacobsen &Berglind 1988).
The oxytetracycline could maintain its antibacterial activity within 12 weeks in the sediment
under oxic conditions (10 mg L oxygen), while in the anoxic sediment, oxytetracycline
retention was relatively strong — with a half-life time up to 10 weeks. Others such as
chloramphenicol can be degraded by nitrated sludge, indicating that the presence of nitrate
may affect the degradation process (Campos et al. 2001). It is also reported that some
sulfonamides were confirmed to have the same degradability in activated sludge (Ingerslev
&Halling - Sgrensen 2000, Richardson &Bowron 1985). Warman et al (1981) detected
tetracycline residues in the soil where poultry manure was applied, proving that the antibiotic
metabolites (such as glucosidic acid) discharged by the animals receiving the medicine were
degraded by microbial activities in the liquid manure, and converted into active drugs again.
Amoxicillin is relatively stable in the feces, but it is obviously easy to degrade in the
environment (Christian et al. 2003). Walters et al (Walters et al. 2010) conducted an outdoor
mesocosm study to explore the degradation of several compounds in soils amended with
biosolids over a 3-year period. Various antibiotics, including ofloxacin, ciprofloxacin,
norfloxacin, doxycycline, and tetracycline, had varying degrees of persistence, with half-lives
of 1,386, 2,310, 1,155, 533, and 578 days, respectively. This shows that antibiotics can persist
for years in the soil environment under ambient conditions and therefore should be

investigated further.
1.2.3. The impact of antibiotics on environmental microbially relevant processes

In recent years, antibiotics, as an emerging pollutant, have been widely studied. Researchers
from different countries have carried out studies on its type, distribution, content, and

migration and transformation process in the sediment environment (Table 1-3).

The deleterious effect of antibiotics on natural microbial communities could be direct or
indirect. The direct action could be that some microbial groups involved in important
ecosystem functions disappear or are inhibited by bactericidal and bacteriostatic effects.
However, as the indirect action, antibiotics may act as a selective force on some microbial

populations that can develop resistance, leading to genetic and phenotypic variability and
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affecting various physiological activities; in some cases, bacteria may develop degradation

ability as a homeostatic response.

Antibiotics can cause changes in the structure of natural bacterial communities (disappearance
or inhibition of certain bacterial groups) in the environment (Allen et al. 2010). The effects can
be detected even in non-target organisms with important ecological functions (Pallecchi et al.
2008, Woegerbauer et al. 2015). For example, sulfonamides have been found to cause a
change in microbial diversity by reducing not only microbial biomass but also the ratio of

bacteria to fungi (Underwood et al. 2011).

The impact of antibiotics on bacterial communities has resulted in a significant influence on
biochemical processes, particularly in the nitrogen cycle, within natural environments. It has
been reported that nitrification and anammox activities could be inhibited at therapeutic
doses, while environmentally relevant concentrations of antibiotics like sulfonamides and
fluoroquinolones could partially inhibit denitrification (Roose-Amsaleg &Laverman 2016).
Denitrification is one of the representative environmental microbially relevant processes. The
effects of different antibiotics on denitrification have been investigated, and the results vary
considerably among the different solid matrices and concentrations tested (Table 1-7, next
page). Antibiotics including amoxicillin, erythromycin, tylosin, bacitracin, clarithromycin,
difloxacin, florfenicol, chloramphenicol, thiamphenicol, ciprofloxacin, flumequine, ofloxacin,
tetracycline, chlortetracycline, oxytetracycline, roxarsone, triclosan, triclocarban, narasin,
gentamicin, lincomycin, sulfamethazine, sulfamethoxazole and sulfadiazine were reported to
have negative effect on denitrification in soil, sediment, sludge, landfill or groundwater. The
effective concentrations of these antibiotics were ranging from several ppt to thousands ppm,
combined with a wide range of exposure times. Interestingly, denitrification inhibition caused
by some antibiotics were found to be reversible under low exposure concentration around

several ppb to ppm.
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Table 1-7. Overview of the studies investigating the effects of antibiotics on the denitrification process

Antibiotic Concentration range Matrix type

Exposure time Effects on denitrification

Reference

amoxicillin
Bacitracin
chloramphenicol
chlortetracycline
ciprofloxacin
ciprofloxacin
ciprofloxacin
clarithromycin
difloxacin
erythromycin
florfenicol
flumequine
gentamicin
lincomycin
monensin
narasin
ofloxacin
oxytetracycline
oxytetracycline
oxytetracycline
roxarsone
sulfadiazine
sulfadiazine
sulfadiazine
sulfadimidine
sulfamethazine
sulfamethazine
sulfamethazine
sulfamethazine
sulfamethazine
sulfamethazine
sulfamethazine
sulfamethoxazole
sulfamethoxazole
sulfamethoxazole
sulfamethoxazole
sulfamethoxazole
sulfamethoxazole
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
thiamphenicol
triclocarban
triclosan
tylosin
vancomycine

Virginiamycin

ppm
ppm
ppm
ppb
ppb
ppb
ppm
ppm
ppm
ppm
ppb
ppb
ppb
ppb
ppb
ppt
ppb
ppm
ppm
ppb
ppm
ppt
ppm
ppm
ppb
ppb
ppb
ppb
ppb
ppm
ppb
ppb
ppm
ppb
ppt
ppb
ppb
ppm
ppm
ppb
ppm
ppm
ppm
ppm
ppb
ppm
ppm
ppm
ppb
ppm

sediment
soil
soil
groundwater
soil
sediment
enrichment cultures
sediment
soil
sediment
soil
sediment
soil
soil
soil
soil
wetland
landfill
landfill
sediment
soil
soil
soil
soil + manure
sediment
groundwater
soil
sediment
soil
landfill
landfill
soil
anoxic sludge
soil
soil
manured soil
groundwater
sediment
soil
soil
sediment
soil
soil
sediment
sediment
soil
soil
anaerobic digesters
sediment

soil

hours
days
hours
days
days
hours
weeks
hours
weeks
hours
month
weeks
days
days
days
days
month
hours
month
month
days
days
weeks
weeks
month
days
days
hours
hours
hours
month
days
days
days
days
month
weeks
weeks
hours
days
weeks
days
hours
hours
weeks
hours
hours
month
weeks

days

inhibition (37%)
inhibition
inhibition (19-41%)
inhibition (15-31%)
no effect
no effect
inhibition (25%)
inhibition (~ 37%)
inhibition (50%)
inhibition (~ 37%)
inhibition
inhibition (41 %)
reversible inhibition
reversible inhibition
no effect
reversible inhibition
inhibition
increasing N20
increasing N2
inhibition
inhibition
reversible inhibition (34%)
inhibition (~ 70%)
inhibition (28%)
inhibition (21-26%)
Inhibition (17-82%)
reversible inhibition
inhibition (20-30%)
inhibition (14-24%)
inhibition (98%)
inhibition (98%)
inhibition
inhibition
inhibition
inhibition
no effect
inhibition (47%)
inhibition (39%)
inhibition (37%)
no effect
no effect
inhibition (82%)
inhibition (23-72%)
inhibition
inhibition
inhibition (30%)
inhibition (27%)
inhibition
no effect

no effect

Costanzo et al. 2005
Banerjee et al. 2013
Murray et al. 1999
Ahmad et al. 2014
Conkle and White, 2012
Costanzo et al. 2005
Liu et al. 2014
Costanzo et al. 2005
Kotzerke et al. 2011
Costanzo et al. 2005
Wang et al. 2020
Yan et al. 2013
DeVries et al. 2015
D'alessio et al. 2019
D'alessio et al. 2019
DeVries et al. 2015
Tong et al. 2019
Wu et al. 2017
Wu et al. 2017
Zou et al. 2018
Banerjee et al. 2013
DeVries et al. 2015
Kotzerke et al. 2008
Radl et al. 2015
Wang et al. 2019
Ahmad et al. 2014
D'alessio et al. 2019
Hou et al. 2015
Shan et al. 2018
Wu et al. 2017
Wu et al. 2017
D'Alessio et al. 2019
An and Qin. 2018
Conkle and White. 2012
DeVries et al. 2015
Rahman et al. 2018
Underwood et al. 2011
Yan et al. 2013
Chen et al. 2019
Conkle and White. 2012
Roose-Amsaleg et al. 2013
Semedo et al. 2018
Shan et al. 2018
Zhang et al. 2019
Yin et al. 2016
Chen et al. 2019
Chen et al. 2019
Zhang et al. 2019
Yan et al. 2013
Banerjee et al. 2013
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2. Nitrogen in the environment

Nitrogen cycling is of paramount importance as it plays a critical role in maintaining the
balance of life on Earth. Microbial processes dominate this cycle, making it an essential
element for the functioning of ecosystems. However, the delicate balance of the nitrogen cycle
can be disrupted by a variety of environmental and anthropogenic factors. Understanding the
microbial processes in the nitrogen cycle and their impacting factors is crucial to ensure the

long-term sustainability of our planet.

2.1. The Biogeochemical Nitrogen Cycle

2.1.1. The global nitrogen cycle

The nitrogen cycle refers to the cyclic transformation process of nitrogen in the nature. It is
one of the basic elemental cycles in the biosphere (Galloway et al. 2008). For example,
dinitrogen in the atmosphere enters the terrestrial or aquatic compartment through the action
of microorganisms (nitrogen fixation), and is used by animals and plants. In the atmosphere,
this cycle repeats itself to infinity. A scheme to describe nitrogen cycle is shown below as Figure

1-8.
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Nitrogen Cycle

Figure 1-8 the global nitrogen cycle with the different sources (Source: Nitrogen Notes, published by

International Plant Nutrition Institute, Canada)
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2.1.2. The microbial N-cycle

The main processes of the nitrogen cycle in terrestrial ecosystems are (see Figure 1-9) (Stein
&Klotz 2016): ammonification, including nitrogen fixation, and assimilatory and dissimilatory
reduction of nitrite (reactions 1 and 2), nitrification (reactions 3A, 3B and 4), denitrification,
including canonical, methane-oxidation-dependent denitrification and nitrifier-dependent
(reactions 6A-D), anammox, as a form of coupled nitrification—denitrification (reactions 7A—
C); and nitrite—nitrate interconversion (reactions 4 and 5). The general processes of organic
matter mineralization and assimilation by cellular life complete the movement of reactive

nitrogen through the biosphere.

C % 4
6
4
7C
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NH,
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“
6B NH,/NH, > R-~NH,
7B Mineralization
o .
NH,OH
6A /
o @
NO,
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Current Biology

Figure 1-9: Major transformations in the nitrogen cycle (Stein &Klotz 2016). Reactions that comprise the seven
major processes of the nitrogen cycle are represented by the numbered circles. Ammonification may be
accomplished either by process 1, reduction of dinitrogen (also referred to as ‘nitrogen fixation’ or ‘Nif’), or by
process 2, dissimilatory nitrite reduction to ammonium (DNRA). Nitrification is composed of process 3, oxidation
of ammonia to nitrite (also referred to as ‘nitritation’), and process 4, oxidation of nitrite to nitrate (also referred
to as ‘nitratation’). Process 5, reduction of nitrate to nitrite, can be coupled to processes 2, 6 or 7 in a population
or a community. Denitrification is shown as process 6, which is also referred to as ‘nitrogen-oxide gasification’.

Anammox is shown as process 7, and is also referred to as coupled ‘nitrification—denitrification’.

The transformation of inert dinitrogen gas into bioavailable nitrogen starts with nitrogen
fixation, which molecular nitrogen is reduced to ammonia and other nitrogen-containing

compounds. There are two ways to fix dinitrogen (N2) in nature. One is non-biological nitrogen
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fixation, that is, nitrogen fixation through lightning, high temperature discharge, etc., which
forms limited numbers of nitrides; the other is biological nitrogen fixation, that is, the
reduction of molecular nitrogen to ammonia via microbial activity. More than 90% of the
molecular nitrogen in the atmosphere is reduced by the action of nitrogen-fixing
microorganisms, due to their nitrogenase enzyme (Dixon &Kahn 2004, Howard &Rees 1996)

that promotes the hydrogenation of nitrogen to ammonia.

Two types of microbial dinitrogen fixation exist: in the aquatic environment by cyanobacteria
or in the terrestrial environment, in symbiosis with leguminous plants (such as peas or broad
beans) (Howard &Rees 1996, Peoples et al. 1995, Vitousek et al. 2002). These interactions with
plants allow microbial take use of the ammonium and nitrates in the soil, and assimilation of
these inorganic nitrogens into organic nitrogen such as proteins in the plant. Animals use
plants as food directly or indirectly, assimilating organic nitrogen in plants into organic nitrogen

in animals. Organic nitrogen in organisms is synthesized via dinitrogen fixation.

The organic matter mineralization process consists of the decomposition by microorganisms
of organic nitrogen compounds in the remains, effluents, and residues of animals and plants
to form ammonia. Part of the ammonia produced is retained by microorganisms and plants,

or fixed by clay minerals

Ammonia is used to produce ammonium ions (NH4*). In oxygen-rich environments, these ions
can be converted to nitrite ions (NO2) by ammonia oxidizing bacteria, and then converted to

nitrate ions (NO3") by nitrite oxidizing bacteria. This process is called nitrification.

Inorganic nitrogen produced by ammonification and nitrification can be absorbed and utilized
by plants. Under conditions of insufficient oxygen, the nitrate in the soil is reduced to nitrite
by various microorganisms such as denitrifying bacteria, nitrogen is further reduced, and at
last the molecular nitrogen is returned to the atmosphere. This process is called denitrification
(Kuenen &Robertson 1994, Prosser 1990, Satoh et al. 2003, Sharma &Ahlert 1977, Verstraete
&Focht 1977, Yoshioka &Saijo 1984).

2.1.3. Environmental implication of N cycle

Nitrogen is an essential element for living creatures, but gaseous dinitrogen cannot be used
directly by most of the plants and animals. Therefore, manufacture, or fixation, is an inevitable

process for converting gaseous free dinitrogen into combined nitrogen that can be absorbed
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by creatures. Dinitrogen conversion build a mutually beneficial symbiotic relationship,
producing ammonia for plants in exchange for carbon, therefore make nitrogen-poor land
fertile. It can be seen that the soil has become the most active area in the nitrogen cycle due
to dinitrogen conversion activity, among which denitrifiers had a 90% contribution (Galloway

et al. 1995, Giller 2001, Mylona et al. 1995, Peoples et al. 1995).

Nitrogen exists in various forms; its conversion and utilization are complex. After entering soil
or sediment, ammonium ions are easily fixed in to the soil matrix (especially humus and clay),
and undergo various transformation processes driven by microorganisms to form a variety of
nitrogen species. Nitrate and nitrite ions are more mobile in the soil consist of positive ions
(mainly humus) than that of negative ions, due to their negative electrical properties. Loss to
groundwater of soluble nitrate and nitrite often occurs after rain or irrigation. Nitrogen thus
migrates to ground and river water increase nitrogen concentrations, leading to environmental
problems. Excessive nitrogen oxides cause nitrogen pollution in the water body, which not only
endangers human health, but also becomes a factor of eutrophication of the water body.
Nitrous oxide (N20) is also an important greenhouse gas, which enhances the greenhouse
effect after entering the atmosphere (Camargo &Alonso 2006, Castillo et al. 2000, Heaton
1986, Howarth 2008).

2.1.4. Nitrogen imbalance

Since the 1970s, humans have organized extensive research on the nitrogen cycle in
ecosystems. SCOPE (Scientific Committee on Problems of the Environment) raised global
nitrogen overload as a potential environmental issue and chemical time bomb. The increase
in the amount of activated nitrogen has increased agricultural productivity, but it also brought
pressure on the global ecological environment, and further cause ecological and
environmental problems related to the nitrogen cycle, such as the greenhouse effect, water
pollution and acid rain. Since 2006, the use of nitrogen fertilizers in the United Kingdom and
the United States had been more severely restricted. Same restrictions took effect since 2015
in China. As the No. 1 country in European agricultural exports, nitrogen fertilizers usage in
France is second only to Germany. Meanwhile, due to the extensive cultivation of leguminous
plants (especially soybeans and alfalfa), the production of chemical fertilizers in human society,
and the nitrogen-containing pollution components released by vehicles and thermal power

stations, humans make far more nitrogen in bioavailable forms than before every year.
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Excessive "activation" of nitrogen caused certain unbalance, and the nitrogen cycle is seriously

disrupted.
The main environmental issues related to elevated nitrogen levels are:

- The microbial conversion of ammonia to nitrates and acidic hydrogen ions, causes
acidification of soil and water ecosystems and reducing biodiversity. In addition, ammonia

is highly toxic to fish and other marine life.

- There had been a 30-fold increase in mean lake dissolved inorganic nitrogen (DIN)
concentrations from 20 to 650 pg L' in Europe and north American (Ann-Kristin et al.
2006). Too much nitrogen in water leads to eutrophication. Firstly, eutrophication of water
bodies will cause the destruction of water resources, reducing the value of water usage,
directly affecting human health, and at the same time increasing the cost of water
treatment; secondly, nitrate-rich groundwater will cause a sharp increase of cyanobacteria
and other algae, and triggers "algal bloom" and "red tide" and other phenomena, resulting

in a large number of aquatic organisms dying due to hypoxia.

- Nitrous oxide (N20) has a particularly strong ability to absorb infrared radiation, which
acts 200 times higher than that of carbon dioxide, and thus causes the greenhouse effect.
In addition to the greenhouse effect, nitrous oxide (commonly known as laughing gas) can
also chemically react with ozone in the atmosphere, disturb the ozone layer, increase the
intensity of ultraviolet light on the ground, and endanger human health. Nitric oxide and

nitrogen dioxide are also one of the components of acid rain.

- NO;y induces various diseases and even cancer. Once people get excessive amounts of
nitrate from contaminated fruits, vegetables or water, high blood pressure, congenital
central nervous system disability, and non-Hodgkin's lymphoma can occur. Nitrogen
oxides, which produced by burning fossil fuels, can form ground-level ozone and trigger
asthma. A large number of medical research have proved that the incidence of liver cancer
(Grosse et al. 2006, Yang et al. 2007), stomach cancer (Hill et al. , Kim et al. 2008) and
other symptoms (Bartsch &Montesano 1984) is also closely related to the amount of
nitrate intake by the human body. The increase of nitrate content in groundwater is related
to the safety of drinking water, because excessive nitrite ions in the water can affect the
oxygen concentration in the blood of infants and children and cause methemoglobinemia

or Blue-baby Syndrome (Gerardi 2003).

21



- Municipalities must face social problems such as excessive NOs™ in groundwater and
drinking water and increased medical costs. In rural areas near estuary, excessive NOs

content in drinking water wells or farmland is also a problem.
2.2. Denitrification

Denitrification refers to the biochemical process by which microbes (bacteria archeae and
fungus mostly) reduce nitrate (NO3~) to dinitrogen gas (N2) through a series of intermediate
products (NO2~, NO, N2O). The microbes, mainly prokaryotes, involved in this process are called

denitrifiers.

Denitrifying microbes use nitrate (NOs~) as an electron acceptor to perform respiration under
anaerobic conditions to obtain energy. They use NO2 and NOs as the ultimate electron

acceptors for respiration, reducing nitric acid to dinitrogen (N2), which is called denitrification:
NOs - NO2 - N.OM™M > N 1

Many bacteria can perform denitrification, the physiological group is called denitrifying
bacteria (Gamble et al. 1977). The total denitrification process and the Gibbs free energy can

be expressed by the following formula (Mariotti et al. 1988, Payne 1981, Zilu 2011):
2NO3 +10e +12 H* > N2 + 6 H20, AG = -333 ki mol?

These include the following four reduction reactions:
Reduction of nitrate (NO3) to nitrite (NO2):

2NO3 +4H"+4e > 2NO2 +2H0
Reduction of nitrite (NO2) to nitric oxide (NO):

2NO2 +4H"+2e > 2NO+2H0
Nitric oxide (NO) reduction to nitrous oxide (N;O):

2NO+2H*+2e - N2O+H0
Reduction of nitrous oxide (N20) to nitrogen (N3):
NO+2H"+2e - N2+ H0

The enzymes that catalyze the four steps are nitrate reductase (nar), nitrite reductase (nirk
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and nirS), nitric oxide reductase (nor), and nitrous oxide reductase (nosZ) (Philippot 2002).

The above four reactions are all exothermic, so under anaerobic or hypoxic conditions, bacteria
can use nitrate (NOs) as the terminal electron acceptor of the electron transfer chain to

complete material energy exchange.
2.2.1. Denitrifiers — the executors of denitrification

Denitrifying bacteria exist widely in various forms in nature (Castignetti &Hollocher 1984,
Heylen et al. 2006, Kartal et al. 2007, Lone et al. 2010, Patureau et al. 2000, Verstraete &Focht
1977). The taxonomic units are mainly distributed in families such as Pseudomonaceae,
Neisseriaceae,  Nitrobacteraceae, = Rhodospirillaceae,  Bacillaceae,  Cytophagaceae,

Spirileaceaee, Rhizibiaceae, Halobacteriaceae.

The traditional theory was that denitrifiers are bacteria and carry out denitrification under
anaerobic conditions. A fungi named Fusarium oxysporum was found to have ability to reduce
nitrate and nitrite to N,O under anaerobic conditions, thus breaking this traditional concept
(Shoun &Tanimoto 1991). Later, it was found that the denitrification process widely exists in
fungi of the genus Mycetes, Ascomycetes, and Basidiomycetes; many actinomycetes (Kumon
et al. 2002) include Streptomyces and Frankia (Dominique et al. 2000), and even some yeasts
have denitrification capacity. Another finding is that denitrification also exists under aerobic
conditions (Verstraete &Focht 1977), such as Al